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Abstract  We have predicted a new phase of nitrogen with octagon structure in our previous study, which we 
referred to as octa-nitrogene (ON). In this work, we make further investigation on its electronic structure. The 
phonon band structure has no imaginary phonon modes, which indicates that ON is dynamically stable. Using ab 
initio molecular dynamic simulations, the structure is found to stable up to 100K, and ripples that are similar to that 
of graphene is formed on the ON sheet. Based on DFT calculation on its band structure, single layer ON is a 2D 
large-gap semiconductor with a band gap of 4.7eV. Because of inter-layer interaction, stackings can decrease the 
band gap. Biaxial tensile strain and perpendicular electric field can greatly influence the band structure of ON, in 
which the gap decreases and eventually closes as the biaxial tensile strain or the perpendicular electric field 
increases. In other words, both biaxial tensile strain and perpendicular electric field can drive the 
insulator-to-metal transition, and thus can be used to engineer the band gap of ON. From our results, ON has 
potential applications in the electronics, semiconductors, optics and spintronics, and so on.  
 
Introduction 
    Since the discovery of graphene, two-dimensional (2D) materials have attracted the attention of 
both theorists and experimentalists[1]. In the past several years, structures of new 2D materials are 
being proposed by theoretical prediction and confirmed by experiments[2,3]. 
The research of 2D materials of group V is one of the foci in recent years[4,5,6,7]. The black 
phosphorus monolayer material have investigated by first principle calculation, and prepared by 
mechanical exfoliation[8,9]. Using black phosphorus as precursor, blue phosphorene, one of the three 
additional newly predicted phases of 2D structures of phosphorus, have been prepared by molecular 
beam epitaxial growth on Au(111) [10]. A stable 2D periodic atomic sheet consisting of carbon 
octagons, coined as octagraphene was proposed [11], while, the on-surface synthesis and electronic 
properties of graphene-like nanoribbons with periodically embedded four- and eight-membered rings 
was reported. [12]. 
All of the monolayer of group V are insulators, and some of them own topological properties. In 
contrast with graphene, the band structures of pnictogen monolayer can be controlled due to their 
intrinsic band gap. There are two techniques to control the band gap of monolayer of pnictogen, by 
application of either tensile strain or perpendicular electric field[13,14]. Moreover, the band gap of the 
system decreases as the number of layer increases due to inter-layer couplings. 
 We had predicted two different structures of monolayer that consists of nitrogen atoms: 
honeycomb nitrogene and Octagon-Nitrogene (ON)[15,16,17], and especially investigated the 
existence and gap engineering of nitrogene[16]. It is interesting to notice that one zigzag ON 
nano-ribbon presents two linear bands, which might indicate a Dirac point existing[17]. In this paper, 
we make further investigation of the band structure of ON. The stability of ON was verified by phonon 
dispersion and first-principle molecular dynamics. More accurate band structure from hybrid 
functional are obtained, for comparison with our previous results that are calculated by pure functional. 
Moreover, the band structure under biaxial tensile strain and perpendicular electric field is studied in 
details, and we find that the electric structure of ON can be controlled by biaxial tensile strain and 
perpendicular electric field. These findings show that ON may be a promising material in electronic 
devices, such as ultra-capacitors[18], feld effect transistors (FETs)[19,20], bio and chemical 
sensors[21,22]. 
 
Model and Calculation Details 
Figure 1 shows the geometry structure of ON. Each cell contains eight nitrogen atoms that are not 
coplanar. That means ON have buckling structure similar to nitrogene. a is the lattice constant, la is the 
length of bond in the square, and lb is the length of bond connecting two squares, as shown in figure 
1(a), Δz is the buckling distance, as shown in figure 1(b)[17]. 
       
Figure 1. (a) Top view and (b) side view of ON. The red arrows a1, a2 show two basis vectors of 
the unit cell. (c) The first Brillouin zone and high symmetry points.  
 
Our calculations are based on Plane Augmented Wave (PAW) with Perdew-Burke-Ernzerh (PBE) 
of exchange-correlation as implemented in the Vienna Ab initio Simulation Package (VASP) code[23]. 
The systems are restricted to periodic boundary conditions. A vacuum at least 15 Å thick is inserted to 
eliminate the interaction between inter-layer. For optimization, ions are relaxed using 
conjugate-gradient algorithm until the total force on each ion is less than 0.01 eV/Å, then it is further 
relaxed by quasi-Newton algorithm until the total force on each ion is less than 0.0001eV/Å）.  
Phonon dispersion calculation is performed on the VASP interface of Phonopy[24,25]. Force constants 
and dynamic matrixes are obtained from frozen phonon technique with 6×6×1 supercell. The Brillouin 
zone is sampled by 8×8×1 grid with Monkhorst-Pack scheme for band structure under perpendicular 
electric, and 20×20×1 grid with Monkhorst-Pack scheme for other calculations. The first-principle 
molecular dynamics (MD) simulations are done using NVT ensemble for a 4×4×1 ON at 100K. Since 
the spin-orbit coupling (SOC) in ON is negligibly small, as we mentioned in our previous studies 
[15,17], we do not include SOC in our calculations. 
 
 Results 
The stability and electronic structure of single layer 
In order to investigate the stability of the ON, phonon dispersion is calculated, and first-principle 
MD simulation was performed over 2000 simulation steps that corresponds to 6 ps. From phonon 
dispersion in figure 2, ON is found to be stable because no vibration mode with imaginary frequency 
is present. During the evolution of MD simulation, the sheet develops ripples along one of the axis’, as 
shown in the snapshots in figure 3 (a). figure 3(b) shows temperature variation with time, and red dots 
denote the times of snap shots taken in figure 3 (a). The 2D ON lattice is dynamically stable at 100K 
without breaking the bonds. 
 
Figure 2. Phonon dispersion of ON monolayer. 
        
                  
         
  
Figure 3. MD simulation of ON. (a) Snapshots of lattice at different times denoted as red dots in (b). 
 (b) Temperature variation with time, and red dots denote the times of snap shots taken in (a).  
 
  
Figure 4. (a) The band structure calculated by PBE (a) and HSE (b) along high-symmetry  
Points in the Brillouin zone. The energy is scaled with respect to the Fermi energy EF. The 
red lines denote CBM and VBM, respectively. 
 
   The band of ON calculated by PBE without SOC shown in figure 4(a), and the indirect band gap is 
2.9eV, which is the largest one in the octagon monolayer of VA elements[17,26]. Since pure functional 
tends to underestimate the band gap, we also calculated the band structure by HSE functional for 
comparison, as shown in figure 4(b). Band gap calculated from HSE functional is 4.7eV, and the PBE 
result underestimates the gap by about 1.8eV, even though these band structures near the Fermi level 
are similar. From the band of free ON, the CBM is along the X-Γ line and the VBM is along the Γ-M 
line, which means the ON is an indirect semi-conductor.  
To further investigate the orbital character in the band structure, the projected density of states 
(PDOS) and projected band were calculated, as shown in figure 5. From figure 5(a-c), it is clear that 
the band is mainly made up of s and p orbitals, but the contributions are different. Below the Fermi 
level, bands in lower energy main has more s character, while those bands near the Fermi level have 
more pz characters, which is responsible for the sharp peak near the Fermi energy in the density of 
states (DOS) (figure 5(d)). The lower band mainly consists of s orbitals, as shown in figure 5(a), while 
the contribution of px+y orbitals becomes greater as the energy increases (figure 5(b)). pz orbital plays a 
 dominant role near the Fermi lever, as shown in figure 5(c). There is a flat band near the Fermi level, 
and the DOS is singularity, which is mainly contributed from pz orbital.  
 
Figure 5. Project electronic structure of ON. (a-c) The project band of s, px+y and pz states, respectively,  
and symbol size indicates the contribution weight. (d) The project density of state of ON, red, blue and 
dark cyan symbols denote projections of the s, px+y and pz states, respectively.  
 
The electronic structure of multi-layer ON 
   Our previous study[16] had shown that stacking of nitrogene can influence its electric structure. 
Band gap decreases as the number of layers increases, and some of the degeneracy of the bands are 
broken, especially in some high symmetry points, as shown in figure 6(a-b). The gap decreases rapidly 
as the number of layers increases. The general trend is similar for both AA stacking and AB stacking, 
see figure 6(c-d).  
  
 
 
 Figure 6. (a-b) Band structure of two, three, and four layers of ON for (a) AA stacking, and 
 (b) AB stacking, respectively. (c-d) The dependence of band gap on the number of layers. 
 The Effect of Biaxial Tensile Strain. 
   In addition to multi-layer stacking, tensile strain is also a frequently used technique for 
manipulating the band gaps of two dimensional materials, because it is easier to realize experimentally. 
In figure 7(a), the band gap decreases with the strain, the gap decreases slowly in the range before 8%. 
Interestingly, there is a small maximum at the strain of 9%, then the gap decreases more rapidly and 
almost linear as the strain exceeds 9%. The gap eventually close at strain of 13.2%, and the system 
turns to a metallic state, which is a second order phase transition. In the process of strain, some bands 
shift toward to the Fermi level, however some bands shift up away from it. 
Figure 7(b) shows the dependence of energy gap on strain. In the beginning, the conduction band 
minimum (CBM) is located at a point along X-Γ line in the Brillouin zone, and then the CBM shifts to 
Γ point when the strain reaches 9% and more. figure 7(c) shows the change of structural parameters 
with respect to tensile stain. Without strain, la is longer than lb, and both of la and lb are all 
monotonously increasing with respect to the stain. As strain reaches 12% or more, la becomes shorter 
than lb. 
 
 
Figure 7. (a) Band structure of ON under 3%, 9%, 10%, and 12% strain. (b) Dependence of energy gap on 
strain. (c) Dependence of covalent bond length la (green), lb (blue) and buckling distance (red) on strain. 
 
 
 The Effect of Electric Field. 
 
 
Figure 8. (a) Band structure of ON under perpendicular electric field.  
(b) Dependence of energy gap on the perpendicular electric field.  
   The application of electric field is also a useful technique to control the band structure of two 
dimensional materials. From figure 8(a) we can see the band structure changes as the electric field 
increases. In the beginning, the CBM stays on the X-Γ line in the Brillouin zone, and then the CBM 
shifts to Γ point when the electric field reaches 1.5eV/Å or more. However, with the increases of 
electric field, some bands shift down but some bands remain unchanged. For comparison, we plot the 
band structure without electric field and the band structure under electric field of 1.95V/Å, 
respectively, in the fourth panel of figure 7(a). Gap opens at 3eV below Fermi level under the present 
of electric field. The band gap will not change till the electric field of 1.5eV/Å, but the high energy 
bands move toward to the Fermi level. When the electric field reaches 1.5eV/Å, the band gap 
decreases rapidly and closes at 2.0eV/Å, the system becomes a metallic as shown in figure 8 (b). This 
phenomenon also can be attributed to the giant Stark effect, which arises from the redistribution of 
 electron density in both the VBM and CBM[27,28]. Similar effect can be found in nitrogene[16], 
phosphorene[29] and double-stranded porphyrin ladder polymers[30]. However, the critical field is 
much higher than the nitrogene. 
 
Discussion 
The MD result shows the ON lattice is dynamically stable at 100K without breaking the bonds. 
We expect that ON further stabilized when assemble on a substrate, because the rotational freedom 
will be quenched. The real ON can possibly be synthetized by comprising non-hexagonal rings with 
nitrogen molecules on Au(111) surfaces. Analysis of the orbital character of the band structure is 
necessary for construction of tight-binding model, which would be beneficial for further study on its 
properties. The band gap decreases because of stacking. The gap can be decrease with strain, and 
closed at 13.2%. Perhaps there are some other methods can make the system appears interesting 
phenomenon such as Dirac cone or topological properties.  
 
Conclusions 
   In this study, the stability and electronic structure of octagon-nitrogene (ON) was studied by 
first-principle calculations. Phonon dispersion, as well as first-principle molecular dynamics (MD) 
suggest that ON is stable. MD study also shows that wraps and ripples are present in finite temperature. 
Results based density functional calculation suggest that ON is semiconductor with indirect band gap 
of 2.9eV/4.7eV(PBE functional/HSE06 functional). In addition to monolayer ON, we also study the 
electronic structure of multilayer ON. Both AA staking and AB staking can decrease the band gap, and 
they have almost the same band gap for multilayer ON. Biaxial tensile strain can decrease the band as 
well, and a nearly linear dependence of gap on strain is found during 9% and 13.2% strain, where the 
gap closes. Moreover, perpendicular electric field can lower the energy of bands far above the Fermi 
energy while keeping the ordinary bands intact, therefore we found that the gap remains the same at 
the beginning, and gap begins to decrease as the electric field reach 1.5eV/Å, and closes at 2eV/Å. 
This study suggest that ON is wide band gap semi-conductor, and its electronic structure can be 
tailored by several techniques. This material may be used in electronic industries. 
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